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Abstract 
In the present study, we report on a novel approach adopted for the improvisation of interfacial bond strength between shape 
memory alloy (SMA) and epoxy matrix in SMA hybrid composites. Methodologies such as surface roughening and chemical 
etching of SMA wires were performed before embedding them in epoxy matrix. A pull-out test has been performed to find out 
the improvement in load transfer between SMA and host matrix. Surface morphology of SMA wires after various surface 
treatments was observed under scanning electron microscope (SEM). Significant improvement, nearly 260%, in interfacial shear 
strength between SMA-Epoxy interfaces has been observed in case of specimens embedded with chemically etched SMA wire in 
comparison to the specimens with untreated SMA wire. 
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1. Introduction  
Fibre-reinforced composites with thermoset polymer matrices are prone to damage due to out-of-plane loading. 
Although fibre damage is usually localized at the site of impact, matrix damage in the form of delaminations and 
transverse cracks can be more widespread in composites. Delaminations in particular can significantly reduce 
compressive strength and grow in response to fatigue loading. Wei Z. G.(1998)coined a very promising concept of 
composite hybridization using SMA to withstand damage under conditions of repeated load application. Many 
studies such asHuang W. M. (2010) andSaburi T.(1999) have shown that shape memory alloy wires can absorb a lot 
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of energy during loading due to their super elastic (SE) and pseudo elastic (PE) behaviour. The super elastic effect is 
due to reversible stress induced transformation from austenite to martensite phases in SMA shown by Olson G B 
and Cohen M (1982). If a stress is applied to the alloy in the austenitic state, large deformation strains (8%) can be 
obtained and stress induced martensite is formed. Upon removal of the stress, the martensite reverts to its austenitic 
parent phase and the SMA undergoes a large hysteresis loop and a large recoverable strain isobtained. Tsoi K(2003) 
proposed that this large strain energy absorption capability can be used to improve the impact tolerance of 
composites. The full potential of SMA cannot be utilized until an efficient load transfer mechanism at SMA and 
matrixinterface has been established which is demonstrated by Marfia S. (2005). Hence effectiveness of using SMA 
in composites is limited by interfacial bonding strength betweenmatrix material and SMA. A strong interfacial bond 
also ensures the structural integrity of the final composites. Due to oxide layer formation on the surface of the SMA 
wires proper adhesion between matrix and wires is difficult to achieve. In this study different possible methods for 
the improvement of interfacial bond strength between SMA-epoxy interfaces has been identified and compared.This 
paper presents different methodologies adopted, such as surface roughening and chemical etching of SMA wire, 
before embedding them in epoxy matrix for improvisation of interfacial bonding strength between SMA and matrix. 
For this a testing methodology called Pull-out test has been used. The fibre pull-out test has been well accepted as 
one of the most important test methods developed as a means of investigating the interfacial adhesion quality 
through the study of elastic stress transfer in the fibre pull-out problem demonstrated by Yue C. Y.et al 
[1995],DiFrancia C. et al(1996),Fu S. Y.et al (1999) and Gao Y. C.et al (2000). Also a scanning electron microscopy 
(SEM) has been carried out to study the surface morphology of surface treated SMA wires.  
2. Experimental work 
2.1 Introducing Pullout test 
For determination of interfacial bond strength between SMA wires and epoxy a pull-out test have been performed 
on Biss make universal testing machine (UTM). Figure 1 shows schematic of this test.Cylindrical test specimens as 
shown in figure 2 were prepared by embedment of 0.3 mm diameter SMA wires (Ni-Ti alloy wire) within epoxy 
matrix. Tensile load on these specimen is applied by mounting them inside hallow cylindrical fixture as shown in 
figure 1. This hallow cylindrical fixture is made from acrylonitrile butadiene styrene (ABS) material.In a recent 
publication, FutchDavid B (2012) reported the dependence of pull-outstrength with specimen length. He found pull-
out strength value remains constant beyond 20mm specimen length. For simplicity of fabrication, specimens with 30 
mm length were fabricated.  
    A metallic sleeve is fixed on to the SMA wires using crimping tool as shown in figure 3.A hollow cylindrical 
fixture, containing a solid SMA-epoxy specimen inserted within it, is fixed inside the stationary grips of UTM 
machine. Other end of the specimen containing metal sleeve is fixed inside the moving grip of the UTM machine. 
Tensile load is then applied until failure of the specimen with the rate of 0.5 mm/min cross head movement. The 
interfacial strength between SMA and epoxy interfaces can be determined by using equation (1). 
 
τ = ௉గௗ௟      (1) 
 
Here, τ is interfacial shear stress, P de-bonding load, d diameter of SMA wire and lthe embedded   length of wire. 
 
2.2  Materials  
 
Epoxy matrix is prepared by mixing epoxy resin-LY1564 and Hardner-Aradur 3486. These chemical are obtained 
from Huntsman, USA and mixed in the ratio of 100:34 (resin:hardner). SMA wires are supplied by National 
Aeronautics Laboratory, India. SMA wires used  are in Austenitic phase at room temperature. Mechanical properties 
of the materials used for preparation of pull-out test specimens are shown in table 1.  
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Figure 1 – Schematic of pull-out test. 
 
2.3  Test specimen preparation 
 
      Depending on type of surface treatments done on SMA wires pull-out test specimens are classified in three types 
as type I - specimen with untreated SAM wire; type II– specimen with roughened SMA wire; type III – specimen 
with chemically etched SMA wire. In case of type I specimens surface of SMA wire is cleaned with acetone to 
remove dust particle on surface before embedding them in to epoxy. For type II specimen an emery paper of 600 
grades is used to polish SMA wire at right angle to the length of wire. Polishing wire across the length is done to 
allow breaking of oxide layer on SMA wire surface at right angles to the loading direction. Epoxy will penetrate 
through these cracks on surface layer and will produce mechanical anchoring effect for better load transfer between 
SMA-epoxy interfaces. Type III specimens are prepared by embedding SMA wires which are chemically etched 
using concentrated sulphuric acid. SMA wires were kept in sulphuric acid for 20 minutes in an ultrasonic bath and 
degreased with Isopropyl alcohol for 20 minutes. After degreasing, wires were rinsed thoroughly with distilled water 
and dried in an oven before embedding them in an epoxy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 – Cylindrical pull-out test specimen Figure 3 – Specimen inserted inside fixture and 
metallic sleeve fixed on SAM wire 
Table 1 Material properties of the materials used for preparation of pull-out test specimens 
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2.3  Test specimen preparation 
 
Depending on type of surface treatments done on SMA wires pull-out test specimens are classified in three types as 
type I- specimen with untreated SAM wire; type II– specimen with surface roughened SMA wire; type III – 
specimen with chemically etched SMA wire.In case of type I specimens surface of SMA wire is cleaned with 
acetone to remove dust particle on surface before embedding them in to epoxy. For type II specimen an emery paper 
of 600 grades is used to polish SMA wire at right angle to the length of wire. Polishing wire across the length is 
done to allow breaking of oxide layer on SMA wire surface at right angles to the loading direction. Epoxy will 
penetrate through these cracks on surface layer and will produce mechanical anchoring effect for better load transfer 
between SMA-epoxy interfaces. Type III specimens are prepared by embedding SMA wires which are chemically 
etched using concentrated sulphuric acid. SMA wires were kept in sulphuric acid for 20 minutes in an ultrasonic 
bath and degreased with Isopropyl alcohol for 20 minutes. After degreasing, wires were rinsed thoroughly with 
distilled water and dried in an oven before embedding them in an epoxy. 
 
2.3 Scanning electron microscopy (SEM) 
 
Effect of various surface treatments on surface morphology of SMA wires is examined using SEM. A scanning 
electron microscope, model EVO 40 from Ziess, Germany is used to perform microscopic examination of surface 
treated SMA wires. Figure 4 shows SEM images of untreated, surface roughened and chemically etched SMA wires 
taken before specimen preparation. 
 
 
 
 
3. Results and discussion 
Behaviour of all three type of specimen under tensile loading is represented graphically on figure 5. The interfacial 
shear strength is calculated with respect to the peak load value in the graph represented by  mark. Peak load value 
represents a maximum force required to break the adhesive bonds between SMA-epoxy interfaces. From figure 5 it 
can be observed that there is gradual decrease in the load value with the increase in the elongation for all type of 
Material Composition Manufacturer’s name 
Mechanical property 
Young’s Modulus 
(GPa) 
Tensile  
strength     
(MPa) 
Epoxy 
 
Resin- Araldite LY 1564 
Hardener- Aradur 3486 
Huntsman, USA. 3 60 
Austenite phase Shape 
Memory Alloy wire 
Nickel-56% 
Titanium-44% 
National Aeronautical 
Laboratory, India. 35 1600 
(a) (b) (c) 
Figure 4:SEM images of SMA wires which are a) Untreated b) Roughened and c) Chemically etched.  
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specimens. This behaviour can be attributed to the load transfer at the interface due to frictional resistance between 
SMA and epoxy surfaces in contact. Table 2 shows the values of interfacial shear strength for all the three type of 
specimens. Analysing the test results it is evident that there is gradual increase in the value of interfacial shear 
strength from specimen type I to type III. There is, 133% rise in interfacial strength for roughened wire specimen 
and 266 % rise in case of chemically etched wire specimens, from that of untreated wire specimens. This can be 
attributed to the load transfer due to the better mechanical anchoring effect in case of later two type as compared to 
the untreated wire specimen. Type III specimens show highest interfacial strength due to the duel effect of 
mechanical anchoring as well as better adhesion between SMA and epoxy. This improved adhesion in type III 
specimen is archived due to removal of oxide layer from the surface by of chemical etching. Removal of oxide layer 
from SMA wire surface is evident from the figure 6, where it can be observer that colour of untreated SMA wire is 
darker than colour chemically etched wire.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusion 
Experimental study shows that the efficiency of load transfer between interface of SMA and Epoxy can be 
substantially improved by performing chemical etching of the wire with concentrated sulphuric acid. The 
improvement in interfacial shear strength is nearly 266% from that of base level. If this type of surface treatment is 
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Specimen type Peak load  (N) τ max   (MPa) Type of failure 
Type i-Untreated wire 15 0.530 de-bonding 
Type ii-Roughened wire 35 1.237 de-bonding 
Type iii-Chemically etched wire 55 1.945 de-bonding 
Peak load 
Figure 5  Load Vs Elongation behaviour of all three type of specimens under pullout test 
Table 2 Values of interfacial strength for different specimen type 
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done on SMA wires to be used in SMA hybrid composites then Pseudo elastic character of SMA can be utilised 
more effectively in improving the out of plane loading response of the composite materials. 
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